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ABSTRACT
We present the discovery of a very faint stellar system, SMASH 1, that is potentially a satel-
lite of the Large Magellanic Cloud. Found within the Survey of the Magellanic Stellar History
(SMASH), SMASH 1 is a compact (rh = 9.1
+5.9
−3.4 pc) and very low luminosity (MV = −1.0 ± 0.9,
LV = 10
2.3±0.4 L⊙) stellar system that is revealed by its sparsely populated main sequence and a
handful of red-giant-branch candidate member stars. The photometric properties of these stars are
compatible with a metal-poor ([Fe/H] = −2.2) and old (13 Gyr) isochrone located at a distance
modulus of ∼ 18.8, i.e. a distance of ∼ 57 kpc. Situated at 11.3◦ from the LMC in projection, its
3-dimensional distance from the Cloud is ∼ 13 kpc, consistent with a connection to the LMC, whose
tidal radius is at least 16 kpc. Although the nature of SMASH 1 remains uncertain, its compactness
favors it being a stellar cluster and hence dark-matter free. If this is the case, its dynamical tidal
radius is only ∼< 19 pc at this distance from the LMC, and smaller than the system’s extent on the sky.
Its low luminosity and apparent high ellipticity (ǫ = 0.62+0.17−0.21) with its major axis pointing toward
the LMC may well be the tell-tale sign of its imminent tidal demise.
Keywords: globular cluster: individual: SMASH 1 — Local Group — Magellanic Clouds
1. INTRODUCTION
The commissioning of the Dark Energy Camera (DE-
Cam) mounted in the CTIO Blanco 4-meter telescope
has triggered numerous discoveries of previously un-
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known nearby stellar systems, most of which are thought
to be satellites of the Milky Way or of the Magellanic
Clouds. The Dark Energy Survey (DES) itself has en-
abled the discovery of more than a dozen new candi-
date dwarf galaxies and globular clusters (Bechtol et al.
2015; Drlica-Wagner et al. 2015; Kim & Jerjen 2015;
Koposov et al. 2015; Luque et al. 2016). Other comple-
mentary surveys, such as the Stromlo Milky Way Satel-
lite (SMS) survey and the Survey of the Magellanic
Stellar History (SMASH) have further revealed other
(very) faint satellites (Kim et al. 2015b; Martin et al.
2015; Kim et al. 2015a). All the new discoveries share
a similarly low surface brightness (µ ∼> 26mag/arcsec
2)
that explains why they went unnoticed in previous pho-
tographic plate surveys.
Some of the new systems are clearly unrelated to the
Magellanic Clouds but the discovery of so many new
satellites in the physical vicinity of the LMC and SMC
naturally leads to the conclusion that a significant frac-
tion of the new discoveries were brought into the Milky
Way halo by this infalling group (Drlica-Wagner et al.
2015; Koposov et al. 2015; Martin et al. 2015). They
can, in turn, be used to provide unique constraints on the
accretion timing of the Magellanic group and its proper-
ties (Deason et al. 2015; Jethwa et al. 2016).
The properties of the individual satellites are also in-
teresting in their own right as they could hold impor-
tant clues on the group preprocessing that most dwarf
galaxies are thought to have experienced before being ac-
creted onto a more massive host (e.g., Deason et al. 2014;
Wetzel et al. 2015, for the mass-scale relevant here).
Work has only just started to better characterize the
new systems (e.g., Kirby et al. 2015; Simon et al. 2015;
Walker et al. 2015a,b) and, in particular, to understand
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which are dark-matter dominated dwarf galaxies, which
are globular clusters, and how the dynamical LMC-SMC
group environment has affected them.
2. THE SMASH DATA AND DISCOVERY
SMASH is a NOAO community survey conducted with
DECam on the CTIO Blanco 4m with ∼ 40 nights to
gather deep photometry over ∼2,400 deg2 of the Mag-
ellanic system at 20% filling factor. The main goal of
the survey is the study of the complex stellar structures
of the Magellanic system (the Clouds themselves, the
Magellanic Bridge and the leading part of the Magellanic
Stream; D. Nidever et al., in preparation).
The DECam Community Pipeline (Valdes et al. 2014)
produces InstCal image data products (calibrated, single-
frame reduced image with instrument signature removed,
WCS and rough photometric calibrations applied), which
we accessed through the NOAO Science Archive Server25.
We then use the PHOTRED26 pipeline (Nidever et al.
2011) to perform the rest of the photometric reduction.
PHOTRED is an automated PSF photometry pipeline
based on DAOPHOT (Stetson 1987, 1994) and SEx-
tractor (Bertin & Arnouts 1996). It performs WCS fit-
ting, single-image PSF photometry (ALLSTAR), forced
PSF photometry of multiple images with a master source
list created from a deep stack of all exposures (ALL-
FRAME), and aperture correction. The data used here
are then photometrically calibrated as follows. First, a
relative photometric calibration is performed using an
‘u¨bercal’ technique and overlapping exposures. Next,
APASS27 is used to apply a single, absolute photometric
calibration per field for the g- and i-band, and the posi-
tion of the stellar locus is used to roughly calibrate the
u-, r- and z-band.
All magnitudes are de-reddened following
Schlafly & Finkbeiner (2011, assuming RV = 3.1),
and denoted with the “0” subscript. Finally, we se-
lect only star-like objects by enforcing a cut on the
DAOPHOT sharpness and χ2 parameters (|sharp| < 0.5,
χ2 < 1.1). We further use the SExtractor CLASS STAR
stellar probability index to remove objects that are
clearly galaxies (prob < 0.01). Most of the culling is
produced by the sharpness cut.
SMASH 1 was discovered through a visual inspec-
tion of the stellar distribution of stars that could cor-
respond to red giant branch or main sequence stars
(−0.1 ∼< (g − r)0 ∼< 1.0; Koposov et al. e.g., 2008)
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for the 100 SMASH fields with reduced data available
as of June 2016. This investigation revealed a single
stellar overdensity, SMASH 1, and this letter there-
fore uses only data from a single field observed dur-
ing the night of UT 2014 January 6 and centered on
(α, δ) = (6h25m24.4s,−80◦00′13.′′9).
3. PROPERTIES OF SMASH 1
SMASH 1 is found in the outskirts of the LMC, in a
region that nevertheless hosts a few LMC/SMC clusters
(left panel of Figure 1). Figure 1 (right panel) presents
the distribution of all star-like sources on chip 47 (CCD-
NUM=47) as small dots and highlights as large dots ob-
jects selected within a color-magnitude diagram (CMD)
selection box tailored to isolate the main sequence stars
of SMASH 1. The stellar system corresponds to a sig-
nificant (∼ 4σ) overdensity compared to the field pop-
ulation and appears rather elongated. The CMD of
stars in SMASH 1 is displayed in Figure 2 for both a
2- and a 4-half-light-radius region (2rh or 4rh, 1.
′1 or 2.′2
along the system’s major axis; see below for the infer-
ence of the structural parameters). Compared to the field
CMDs shown in the same figure, SMASH 1 is revealed
by a few tens of main sequence stars with g0 ∼
> 22.0
and 0.0 ∼
< (g − r)0 ∼
< 0.6. In the CMD within 2rh, a
handful of likely red giant branch (RGB) stars is also
visible, aligned between [(g − r)0, g0] = (0.4, 22.0) and
(0.6, 18.0). Finally, the 4rh CMD reveals two potential
horizontal-branch stars located around [(g − r)0, g0] =
(−0.2, 19.5). After comparison by eye with a family of
Parsec isochrones (Bressan et al. 2012), we conclude
that all these features are well reproduced by the 13Gyr,
[Fe/H] = −2.2 (Z = 10−4) Parsec isochrone shifted
to a distance modulus of ∼ 18.8 (∼ 57 kpc). A signif-
icantly younger (8Gyr) and more metal-rich isochrone
([Fe/H] = −1.4) can provide a reasonable fit to the main
sequence and main sequence turnoff for a distance mod-
ulus of 19.0 (∼ 64 kpc), but it becomes too red to overlap
with the likely RGB stars and is therefore disfavored (see
Figure 2).
To determine the structure of SMASH 1, we ap-
ply the algorithm of Martin et al. (2008), updated in
Martin et al. (2016) with a full Markov Chain Monte
Carlo treatment. This algorithm infers the posterior
probability distribution functions (PDFs) for the 6 pa-
rameters of a family of exponential radial profiles, allow-
ing for elliptical stellar distributions. The six parameters
are: the centroid of the system, (α, δ); the exponential
half-light radius along the major axis, rh; the ellipticity,
ǫ, defined as 1 − b/a where a and b correspond to the
major and minor axis, respectively; the position angle
of the major axis East of North, θ; and the number of
stars, N∗, within the chosen CMD selection box that fo-
cuses on the main sequence of SMASH 1 (Figure 2). The
model assumes a flat field contamination that is deter-
mined from the normalization of the likelihood function.
Despite visible RGB candidates in Figure 2, we choose
to avoid the RGB region as it is heavily contaminated
by foreground stars and does not significantly help in
improving the inference.
The PDFs28 resulting from the application of the algo-
28 From these PDFs, the favored models are taken to be the
modes of the distributions. Credible intervals are calculated to
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Figure 1. Left: Distribution of clusters around the LMC and the SMC from Bica et al. (2008) and Pieres et al. (2016). SMASH 1 is
represented by the large blue dot, at a distance from the LMC where only a few clusters are known, including the old and metal-poor
NGC 1841. Right: Distribution of stellar sources on chip 47 of the field that contains SMASH 1 (small dots), with stars compatible with
the main sequence of SMASH 1 highlighted as large black dots. Four potential SMASH 1 horizontal branch stars are displayed as blue
triangles. The red ellipses represent the 2- and 4-half-light-radius regions around the stellar system while the dashed blue circle marks the
upper limit on the dynamical tidal radius of the system at its current location under the assumption that it is a purely stellar system. The
tangential-projection coordinates are centered on SMASH 1. The orange arrow points towards the LMC centroid.
Figure 2. Left: CMD of stellar-like objects within 2 half-light radii of SMASH 1’s centroid (1.′1 along the major axis) and that of a
comparison field with the same area. The CMD of SMASH 1 is repeated in the third panel, but this time with the 13Gyr and [Fe/H] = −2.2
Parsec isochrone (Bressan et al. 2012) at a distance modulus of 18.8 overlaid in blue. The thin red isochrone corresponds to a younger
(8Gyr), [Fe/H] = −1.4 isochrone at a distance modulus of 19.0 that also tracks the main sequence turnoff of SMASH1. The dotted-line,
orange polygon corresponds to the selection box used to infer the structural properties of SMASH 1. Right: Same plots for the region
within 4 half-light radii of SMASH 1’s centroid (2.′2 along the major axis). The gray points with error bars in the left-most panel show the
average photometric uncertainties.
rithm are displayed in Figure 3. They confirm the elon-
gation of the system (ǫ = 0.62+0.17−0.21) and that SMASH 1
is a compact object with rh = 0.
′57+0.32−0.18 along the ma-
jor axis. For the distance modulus of ∼ 18.8 determined
above by comparison with old and metal-poor isochrones,
this translates to a physical size of 9.1+5.9−3.4 pc. The un-
certainty on this measurement does not account for the
uncertainty on the distance to the system, but this latter
one is undoubtedly smaller than the ∼ 45% uncertainty
on the angular rh.
The total luminosity of the system is also determined
correspond to the highest density interval containing 68% of the
posterior PDF.
using the framework presented in Martin et al. (2008)
and Martin et al. (2016): the Parsec isochrone and
luminosity function of a 13Gyr old stellar population
with [Fe/H] = −2.2, assuming a canonical IMF (Kroupa
2001), are placed at a distance modulus of 18.8 and
convolved by the photometric uncertainties to build the
CMD PDF that represents the likelihood of a SMASH 1
star in color-magnitude space. After drawing a tar-
get number of stars, N∗i , from the structural parameter
chain, stars are drawn from the CMD PDF and further
checked against the completeness29 at their magnitudes
29 The completeness functions are determined through artificial
star tests and detailed in Nidever et al. (in prep.).
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Figure 3. Left panels: Marginalized PDFs for 3 of the 6 structural
parameters of SMASH 1 (the ellipticity ǫ, the position angle θ,
and the half-light radius rh). The modes of the distributions are
represented by the gray dot-dashed lines. Right panel: Radial
density profile of the exponential model favored by the algorithm
(full line), compared to the data within the CMD selection box
(dots), binned following the favored ellipticity, position angle, and
centroid. The error bars represent Poissonian uncertainties on the
star counts and the dashed line shows the favored contamination
level.
Table 1
Properties of SMASH 1
α (J2000) 6h20m59.9s
δ (J2000) −80◦23′44.′′7
ℓ 292.14◦
b −27.99◦
(m −M)0 ∼ 18.8
Heliocentric Distance ∼ 57 kpc
LMC Distance ∼ 13 kpc
MV −1.0± 0.9
LV 10
2.3±0.4 L⊙
E(B − V )a 0.175
Ellipticity 0.62+0.17−0.21
Position angle (E of N) −24± 16◦
major axis rh 0.
′57+0.32−0.18
9.1+5.9−3.4 pc
azimuthally averaged rh 0.
′44+0.18−0.14
7.1+3.5−2.4 pc
a from Schlegel et al. (1998)
until N∗i of them fall in the CMD selection box used
to determine the structural parameters. Summing the
flux of all stars drawn, whether in the selection box or
not, yields the total luminosity of a system that has as
many stars as SMASH 1 in the selection box. This pro-
cedure returns less noisy results than would otherwise be
achieved by summing the flux of observed stars as these
are severely contaminated with foreground stars, espe-
cially along the RGB, where fluxes are large and mem-
bership uncertain. Repeating the exercise 500 times for
different random drawings of the distance modulus and
N∗i further allows us to determine the uncertainties on
the total luminosity of the satellite. We infer a total
luminosity30 of LV = 10
2.3±0.4 L⊙ or MV = −1.0± 0.9.
All the properties of SMASH 1 are summarized in Ta-
ble 1.
30 Here as well, we do not formally account for the impact of
the distance uncertainty on the inference of the luminosity, but it
would be negligible compared to the large uncertainty coming from
the ‘CMD shot noise.’
4. DISCUSSION
We have presented the discovery of a new stellar sys-
tem, SMASH 1, that was found in the data from the
SMASH survey. The system is located at a distance of
∼ 57 kpc; it is both faint (LV = 10
2.3±0.4 L⊙) and com-
pact (rh = 9.1
+5.9
−3.4 pc).
SMASH 1 is located 11.3◦ away from the LMC in pro-
jection. Combined with its heliocentric distance, this
places it ∼ 13 kpc away from the Cloud (and ∼ 20 kpc
away from the SMC). Although quite distant from the
LMC, SMASH 1 is located at a similar distance from the
LMC than NGC 1841. More importantly, SMASH 1 is
well within the tidal radius of the LMC, determined by
van der Marel & Kallivayalil (2014) to be at least 16 kpc
and potentially as large as 22±5 kpc. Altogether, we con-
clude that SMASH 1 is likely a satellite globular cluster
of the LMC, even though its location in the MW satellite
size-luminosity plane is a little ambiguous (Figure 4, but
see below).
As an old and metal-poor stellar system, it is natu-
ral to expect that SMASH 1 belongs to the LMC halo
component. Alternatively, its properties are also spa-
tially compatible with it being a (distant) LMC disk
cluster. At the location of SMASH 1, the disk model
of van der Marel & Kallivayalil (2014) has a heliocentric
distance of ∼ 55 kpc, close to that of the new satellite.
SMASH 1 would then be located at a disk radius of
11.3 kpc in the same model, or ∼ 8 scale-lengths (e.g.,
van der Marel 2001). Even though its low metallicity
could be in tension with that of the bulk of LMC disk
stellar populations, note that stars with such low metal-
licity exist in the outer disk of the LMC (Carrera et al.
2011). Velocities are necessary to determine whether or
not SMASH 1 is a satellite of the LMC and if it traces its
disk, as do other old LMC clusters (e.g., Olszewski et al.
1991).
Either way, the distance of SMASH 1 relative to the
LMC raises interesting questions about the survivabil-
ity of this satellite. The dynamical tidal radius, rt, of
a system can be calculated as follows (equation 7 of
Innanen et al. 1983):
rt ≃ 0.5
(
MSMASH1
MLMC(RSMASH1)
)1/3
RSMASH1, (1)
with MSMASH1 the stellar mass of the cluster, RSMASH1
its distance from the LMC, and MLMC(RSMASH1) the
mass of the LMC enclosed within RSMASH1. With an
assumed M/L ∼ 2 for SMASH 1’s old and metal-
poor stellar population (e.g., Pryor & Meylan 1993)
and MLMC(RSMASH1) > 1.7 × 10
10M⊙ (as measured
by van der Marel & Kallivayalil 2014 at a distance of
8.7 kpc), we calculate rt ∼< 19 pc for SMASH 1. The
tidal radius of the system is therefore much smaller than
its spatial extent of ∼ 4rh = 36 pc and SMASH 1 must
be undergoing tidal disruption (see Figure 1, in which
the tidal radius is represented by the dashed blue circle).
That the cluster is undergoing tidal disruption could
very well explain the high ellipticity we measure (ǫ =
0.62+0.17−0.21). In addition, as can be seen in Figure 1, the
position angle of the major axis points straight towards
the LMC’s centroid (−24 ± 16◦ vs. −26◦), as expected
if the system’s stars are being pulled away from the sys-
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Figure 4. Distribution of Milky Way satellites in the size–luminosity plane, where rh represents the major axis half-light radius. The
colors encode the ellipticity of the objects, as represented by the color bar on the right. Globular clusters are shown as square and large
squares with error bars represent the recently discovered Crater/Laevens 1 and Laevens 3 (Belokurov et al. 2014; Laevens et al. 2014,
2015). Milky Way dwarf galaxies are shown as circled dots (data from Irwin & Hatzidimitriou 1995, Martin et al. 2008, Belokurov et al.
2009, Belokurov et al. 2010, Laevens et al. 2015, Torrealba et al. 2016). DECam-enabled discoveries are shown as large dots (Bechtol et al.
2015; Kim et al. 2015b; Kim & Jerjen 2015; Kim et al. 2015a; Koposov et al. 2015; Drlica-Wagner et al. 2015, for this latter reference, only
high-confidence candidates are considered), except for the two SMASH discoveries that are shown as stars (SMASH 1, which appears in
yellow at the bottom of the plot, and Hya II, Martin et al. 2015). Lines link different literature measurements for a given system.
tem by the tidal forces of the LMC. Finally, if SMASH 1
really is disrupting, its original size would have been
smaller, shifting the system into a part of the rh–MV
plane that hosts the faint globular clusters Koposov 1
and 2 (Koposov et al. 2007) or AM-4 (Inman & Carney
1987). Note, also, that the system undergoing tidal dis-
ruption would also explain its exceptionally large ellip-
ticity compared to other LMC clusters (Bica et al. 2008)
and why its major axis points towards the LMC, some-
thing that is also not common among other LMC clus-
ters. SMASH 1 has exceptional properties that can all
be explained if it is assumed to be a satellite cluster of
the LMC. However, this does not prove that this hypoth-
esis is valid and, as pointed out above, a measure of the
systemic velocity of the system is necessary to confirm
its association to the Cloud.
Alternatively, SMASH 1 could be a dark-matter-
dominated object. In this case, the tidal radius would
be much larger than that calculated from the stellar
component alone and the system would be shielded
from tides. SMASH 1 would then join the cohort of
recent faint satellites found around Magellanic system
and that are mainly thought to be very faint dwarf
galaxies (Drlica-Wagner et al. 2015; Bechtol et al. 2015;
Kim et al. 2015b; Koposov et al. 2015; Martin et al.
2015). However,the new system resides in a part of
the rh–MV plane in which no system has had its na-
ture confirmed so far (rh ∼ 10 pc, −2 < MV < 0, see
Figure 4; Kim 2, Kim et al. 2015b; DES 1, Luque et al.
2016; Mun˜oz 1, Mun˜oz et al. 2012; Eri III, Bechtol et al.
2015). It will be arduous to measure the velocity disper-
sion of the system from its very few likely RGB stars or
the more numerous but faint main sequence stars, and,
from there, infer its dynamical mass. Therefore, the best
hope to discriminate the nature of SMASH 1 is likely to
come from a constraint on its spectroscopic metallicity
dispersion.
In conclusion, we favor the scenario of a tidally dis-
rupting globular cluster as it naturally explains the large
elongation of the system pointing towards the LMC and
the fact that it is very faint but rather extended for a clus-
ter, especially at this distance from the LMC. SMASH 1
would then be one of only a few known disrupting glob-
ular clusters and the first such object to be discovered
around the LMC.
What remains to be explained is the outstanding tim-
ing of witnessing SMASH 1 in the final throes of its tidal
demise around the LMC, especially since it hosts an old
stellar population and therefore needs to have survived
around the Cloud(s) for a long time. In this context,
an interesting solution is presented by Carpintero et al.
(2013), who showed that a significant fraction of outer
LMC clusters could have been captured from the SMC.
From a more benign orbit around the LMC or the SMC,
the interaction between the two Clouds could well have
sent SMASH 1 on the destructive orbit we observe it on
6 N. F. Martin et al.
today.
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